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Visual Simulation is Critical to Human (non-verbal) Reasoning
Mechanical reasoning by mental simulation

(Hegarty, 2004)
Mental Rotation

(Shepard & Metzler, 1971)

“Spatial ability predicts performance in mathematics and eventual expertise in science, technology and 
engineering.” (Tosto, M. G. et al. 2014)

People with spatial intelligence - “skillfully use the ability to create images, spatial relationships, and 
visualizations in the mind.” (Pawlak-Jakubowska  & Terczyńska 2023)



Yet, Existing Benchmarks Focus on Recognition or Verbal Reasoning

Static Recognition Problems that can be re-phrased to 
linguistic reasoning

ARC-AGI
(Chollet, 2019)

MME
(Fu et al., 2023)



Yet, Existing Benchmarks Focus on Recognition or Verbal Reasoning

BLINK
(Fu et al., 2024)



Tasks that can be better solved using visual simulations (non-verbal reasoning).

Tasks that requires multi-step visual reasoning rather than solving in a BLINK.

Tasks that are harder to be reduced to language reasoning - similar to BLINK.

STARE - Spatial Transformation And Reasoning Evaluation









“Implicit” Simulation

“Explicit” Simulation



How to Evaluate Models on Visual Simulations? — “Explicit” Simulation
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How to Evaluate Models on Visual Simulations? — “Implicit” Simulation



How Well do Models Perform on STARE?
Human-model gap remains large! 

-39.3

+22.4



How Well do Models Perform on STARE?
Reasoning-focused o1 only improved GPT-4o by a few points.

+3.3



How Well do Models Perform on STARE?
Open-source model still lag behind the proprietary models.

-11.6



Are Visual Simulations Helpful? — for
Small gains in performance but significant decrease in response time.

Without Visual Simulation With Visual Simulation

👱
Human

+6.5

-9.4 s

-11.8 s



With Visual SimulationWithout Visual Simulation Random Guess Baseline

Are Visual Simulations Helpful? — for Models
GPT-4o performs close-to-random on harder tasks.



Are Visual Simulations Helpful? — for Models
Big gains for easier tasks (e.g., 2D Transformation), performance even worsen for 
harder tasks (e.g., Tangram Puzzles)

+11.5

+2.9

+1.9 -1.0

With Visual SimulationWithout Visual Simulation Random Guess Baseline



Are Visual Simulations Helpful? — Humans vs. Models
Humans benefit from visual simulation more on harder tasks than easier tasks, while 
models benefits more on easier tasks.

+6.5

👱
Human

Without Visual Simulation With Visual Simulation With Visual SimulationWithout Visual Simulation

Random Guess Baseline

+2.0



Are Visual Simulations Helpful? — Humans vs. Models
Humans benefit from visual simulation more on harder tasks than easier tasks, while 
models benefits more on easier tasks.

-1.0

+6.5

👱
Human

Without Visual Simulation With Visual Simulation With Visual SimulationWithout Visual Simulation

Random Guess Baseline

+2.0

+11.5



Do Models struggle with Basic Transformations?
Shearing is the most challenging transformation type for both 2D and 3D

2D 2D + Visual Simulation 3D 3D + Visual Simulation



How Much do Models Rely on “Easy” Perceptual Cues?
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How Much do Models Rely on “Easy” Perceptual Cues?



How Much do Models Rely on “Easy” Perceptual Cues?
Model performance drop as we reduce the number of easily distinguishable distractors.

2D 2D + Visual Simulation 3D 3D + Visual Simulation



Models are Not Perfect at Perception



Models are Better at 2D Perception than 3D Perception

Random Guess Baseline



Do Models Need the Whole Visual Simulation Steps?
More challenging tasks benefit from the more complete visual simulations.

-4.1

-3.7

+0.9 +7.0



Do Models Need the Whole Visual Simulation Steps?
Last intermediate visual simulation only helps easier tasks. 

+6.7

-30.0
-7.0



Takeaways

Visual simulation, though crucial to human reasoning, models today are not 
equipped with such capabilities

We propose STARE to evaluate multimodal models on visual simulations

Models cannot effectively leverage explicit visual simulations for complex tasks, 
not to mention mentally simulating intermediate steps like how humans do

How do we teach models to perform visual simulation? 
Explicit visual simulation or Implicit visual simulation 


